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Structure determination of two-dimensional adenine crystals on graphite

J. E. Freund, M. Edelwirth, P. Kro¨bel, and W. M. Heckl
Institut für Kristallographie und Mineralogie der Universita¨t München, Theresienstrasse 41, D-80333 Mu¨nchen, Germany

~Received 30 September 1996!

Two-dimensional molecular-packing structure and monolayer preparation of adenine adsorbates on the
graphite~0001! surface have been studied using scanning tunneling microscopy, low-energy electron diffrac-
tion, and thermal-desorption spectroscopy. By combining real-space images and diffraction data a close-packed
hydrogen-bonded network of adenine dimers is proposed, containing two dimers in a unit cell with the
symmetry groupp2gg. The energy-minimized molecular arrangement could be determined by force field
calculations. Adenine adsorbate layers were prepared by sublimation in UHV.@S0163-1829~97!02403-X#
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I. INTRODUCTION

Organic monolayers deposited on metallic or semicond
tor substrates have been the subject of a large numbe
high-resolution scanning tunneling microscopy~STM! stud-
ies in the past years.1 For several classes of organic mo
ecules such as, for example, liquid crystal2

phthalocyanines3 or alkanes4 the adsorption structure coul
be determined based on STM images. A necessary req
ment in these studies was the possibility of attributing s
cific parts of the molecules unambiguously to the obser
STM contrast. This is mainly feasible with molecules of
characteristic shape. For a great number of organic m
ecules, however, the connection between topography of
STM image and the molecular orientation and arrangem
is not obvious. Therefore STM on organic molecules sho
be used in combination with other surface science techniq
which are well established for the investigation of atom
adsorbates or small inorganic molecules. Electron diffract
seems to be particularly suited for this, because it provi
adsorbate-specific geometrical parameters in the recipr
space. Reports on the combination of these methods fo
ganic adsorbates are scarce. Examples include the s
ture determination of perylene-3,4,9,10-tetra-carboxy
dianhydrid ~PTCDA! on graphite5,6 and thiophenes on
Ag~111!.7,8

Biological functions of molecules are strongly related
their structural features. The complementary base pai
through hydrogen bonds in DNA which assures the repli
tion of the hereditary information is an important prope
which can be studied in two-dimensional crystals of h
mopurines. STM in ambient air has previously been used
study the self-assembly of some purine and pyrimidine ba
following thermal evaporation of their aqueous solutions
graphite and on molybdenite.9,10 The spontaneous condens
tion and ordering of these molecules deposited under e
trochemical control in solution11 onto graphite or crystalline
gold surfaces12 has been investigated by~electrochemical!
STM and atomic force microscopy~AFM!. For adenine on
graphite different models have been proposed for the
lecular packing structure.9,11,12,17The differences might be
explained by either the formation of different crystal stru
tures according to the preparation conditions, or by sim
being due to the difficulties in STM image interpretation.

Therefore the aim of this work has been to derive a cl
cut structural model for adenine on graphite by combin
550163-1829/97/55~8!/5394~4!/$10.00
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STM and low-energy electron-diffraction~LEED! data. The
geometric structure determination is a presumption of
advance in understanding the molecular image contras
STM. This is necessary especially in the case when the
tial distribution of electron density of states does not co
cide in a simple way with the geometrical packing structu
as found in many cases with a graphite substrate.

II. EXPERIMENT

Adenine films were prepared by molecular-beam depo
tion. For sublimation the adenine powder was heated
200 °C, and the substrate was kept at 60 °C. The vacu
pressure during the sublimation process was below 5310210

mbar. Although a direct deposition control was not availab
the optimum preparation parameters together with the
sorption energy have been determined by thermal-desorp
spectroscopy.13 Mass spectra showed that the adenine m
ecules were intact after sublimation and adsorption.

Except for the STM measurements, all experiments w
carried out in UHV. Natural graphite was used as substr
for LEED investigations. Prior to the UHV experiments th
crystallinity was checked by Laue x-ray scattering. Sin
graphite is a very inert material, surface preparation of
freshly cleaved graphite has been confined to temperin
500 °C for 48 h.

The LEED experiments were performed at room tempe
ture with reverse view electron optics. Adsorbate-induc
LEED patterns have been measured in an energy range
tween 10 and 40 eV. No degradation of the pattern could
observed at electron beam intensities of several 100 nA
about 1 h.

The STM measurements were performed with a ho
built instrument. All images were obtained with electr
chemically etched W tips. Image calibration including t
removal of distortions was done by comparing STM imag
of molecular adsorbates with the underlying substrate. T
STM image shown below was acquired in the constant c
rent mode with the typical tunneling current of about 90 p
and 1.0 V~tip negative!.

III. RESULTS AND DISCUSSION

A. LEED

The LEED pattern of a monolayer adenine film on grap
ite with an electron beam energy of 14.5 eV is shown in F
5394 © 1997 The American Physical Society
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55 5395STRUCTURE DETERMINATION OF TWO-DIMENSIONAL . . .
1~a!. The absolute size and the shape of the unit cell
determined from this pattern. Together with the LEED
flexes from graphite, which can be observed at higher be
energies, the relative unit cell of the molecular lattice and
mutual orientation can be expressed in unit vectors of
underlying graphite.

We first note that the LEED image shows singular sp
arranged in a hexagonal symmetry. Therefore it can be c
cluded that the adsorbate grows in an epitaxial way wit
registry of the overlayer structure to the graphite. From ST
results we find that the typical size of an adenine domai
in the range of several hundred to few thousand Å. Beca
the electron beam~;1 mm in diameter! covers a great num
ber of domains all possible growth orientations of the ads
bate are contained in the LEED pattern.

For the unit cell a rectangular shape~9061°! with vectors
a52261 Å andb58.560.5 Å is obtained. Vectora points in
the direction of the graphite lattice vectorg1. Assuming a
commensurate adsorbate superstructure the relative uni
can be derived as (22

9
4
0) (g2

g1), with the graphite lattice vec

FIG. 1. ~a! LEED pattern of an adenine monolayer withE514.5
eV at nearly normal incidence.~b! Kinematic calculation of the
LEED pattern with the structure proposed in Fig. 4. The peak
ameters are scaled logarithmically. The three symmetry-equiva
domain orientations are taken into account. The directions of
first-order graphite reflexes are marked by radial lines, and the
ciprocal unit cell is indicated for one domain. The dashed r
surrounds the visible area of the pattern in~a!.
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tors g1 andg2 and ug1u5ug2u52.46 Å ~see Fig. 4!. From this
expression we expect the exact dimensions to beuau522.14
Å and ubu58.52 Å. The interpretation of a commensura
structure is strongly encouraged by the brightness of
LEED reflexes as well as by the STM measurements. Fig
1~b! shows a calculation of the LEED pattern in a kinema
approximation14 based on the structure model of the unit c
discussed below. For the calculation a unit cell of the ads
bate with four graphite layers underneath is used. All equi
lent rotations of the molecular lattice are taken into accou
The calculation yields the correct reflex positions as well
the observed extinction of the (0 2k11) and the (2h11 0)
reflections. The relative intensities are qualitatively rep
duced. From the extinctions two orthogonal glide symme
planes parallel to thea andb axes can be derived.15

The symmetry elements severely reduce the possible r
tive orientations of the molecules in the unit cell. In fact it
not possible to construct a unit cell under these restricti
with single adenine molecules because of the asymmetr
the molecule. Therefore as unit-cell elements we prop
H-bonded adenine dimers with a twofold symmetry ea
This assumption is supported by the self-association of
enine molecules under typical experimental conditions16

The detailed structure of the unit cell is discussed in S
III C.

B. STM

Figure 2 shows a constant current mode STM image o
single domain region of the molecular lattice on graphi
Bright regions correspond to elevated areas and dark reg
to depressions. Because the corrugation contains both
metrical features and variations of the electronic structure
the adsorbate a straightforward assignment of the com
molecules to distinct sites of the image is not possible. Ho
ever, a unit cell of the molecular lattice can be determin
immediately from the contrast pattern: Witha521.561 Å
and b58.560.5 Å and the angle betweena and b, g590
61°, the unit cell agrees within the experimental accura
with the LEED measurement. The same holds for the ori
tation of the molecular lattice to the underlying graphite.
comparison of the orientations was possible by imaging
bare graphite at a reduced tunneling resistance which, h
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e
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FIG. 2. STM image of an epitaxially grown monolayer of a
enine on graphite~0001! with molecule positions indicated~size of
the imaged area: 48332 Å2; U51.0 V, I590 pA, constant current
mode!.
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ever, destroyed the adsorbate film. Contrast modulat
with periodicities longer than the unit cell which are typic
of coincident adsorbate growth could not be detected in
STM images.

It is remarkable that the same unit-cell vectors were fou
for different experiments under various conditions. Besid
the vacuum sublimated films, we found identical results w
adsorbates that were dried from solution on a hot plate
ambient air. Also congruent herewith are the earlier res
by Heckl17 after a recently performed recalibration of th
STM data. The same cell vectors were also reported by
and Shi,11 imaged in NaCl solution by electrochemical AFM
However, a different molecular arrangement was propo
because glide symmetries could not be determined. The S
data shown by Allenet al.9 can also be interpreted in agre
ment with the above lattice if a different unit cell is chose
These results with adsorbate films grown under differ
preparation conditions strongly indicate that adenine
graphite forms one stable phase by the specific lateral hy
gen bonding and by a defined registry with the graphite s
strate.

C. Model building and verification

More complex than the shape of the unit cell is the de
mination of its packing structure. Force-field calculations
gether with symmetry arguments and chemical informat
were applied to exclude competing structure models.

A structure model was built starting with two symmet
cally bonded adenine dimers. The number of four aden
molecules has been chosen because of the area of abo
Å2 per molecule in the molecular plane. Only one dimer c
be chosen arbitrarily; the second dimer in the unit cell is th
determined by the glide symmetries. There are three poss
ways of self-associating adenine with two hydrogen bo
and a twofold symmetry center~see Fig. 3!. For each con-
figuration a model was constructed with the first dimer lyi
flat on the origin of the unit cell. Thus the second dimer
centered ona/21b/2. The remaining Euler angle in the ad
sorption plane was chosen in a way that the overlap w
other dimers was minimized. These ‘‘coarse’’ models we
used as starting configurations for force-field calculations
the calculations the energy of the adsorbate structure
minimized by variation of the exact molecular positions18

Periodic boundary conditions were applied. For the minim
zation the unit-cell dimensions in terms of the graphite latt

FIG. 3. Three different possibilities of hydrogen-bonded a
enine dimers with a twofold symmetry center.
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vectors were kept fixed at the experimentally determined v
ues. The graphite substrate was represented by a four-l
slab. Each adenine molecule was allowed to move indep
dently in all six degrees of freedom. The termination cri
rion for the iterative process was a derivative of the ene
surface smaller than 1025 kcal/~mol Å!. A detailed descrip-
tion of the calculations will be published elsewhere.

The structure model shown in Fig. 4 and the molecu
pasted into the STM image~Fig. 2! show the final arrange
ment after the minimization with type-C associated dime
Apart from some directional and bond length fine tuning t
main difference from the ‘‘coarse’’ starting geometry is th
the molecules are tilted@see Fig. 4~b!# similarly to the pro-
peller twist observed in cocrystals of nucleosides. This
curs for all molecules in the same way, and retains the g
symmetries. As indicated in Fig. 5, the center of mass
each molecule has a vertical distance of 3.57 Å from
graphite plane. Two anglesa andb are defined between th
graphite normal, the center of mass, and the atoms C2 and
C8, respectively. For the inclinationa5102.6° andb583.6°
is obtained.

Based on the following reasons we propose the mo
shown in Fig. 4 for the adsorbate structure:~1! Although no

-

FIG. 4. Model of the unit cell.~a! View perpendicular to the
graphite layers. The rectangular cell has its vectora parallel tog1
with a522.1 Å andb58.5 Å. It contains two adenine dimers whic
comply with the orthogonal set of glide symmetry planes paralle
a andb. ~b! View parallel to the surface. The first graphite layer
indicated by the bottom line.

FIG. 5. Schematic presentation of the tilted molecule seen
allel to the graphite layer. For the angle definition, see text.
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55 5397STRUCTURE DETERMINATION OF TWO-DIMENSIONAL . . .
symmetry restrictions are made in the calculation, the fi
arrangement obeys the two orthogonal glide symme
planes observed in the LEED measurement. The final c
figurations of both other models strongly break this symm
try. ~2! A pronounced network of hydrogen bonds is reach
Each adenine molecule is fixed in a network of four hyd
gen bonds which all have the length 2.9460.02 Å. This is
well within the range of NH . . . N bond lengths which can
be found between 2.75 and 3.15 Å.16 Additionally the infinite
chain of hydrogen bonds N6H . . . N9 enhances the stability
because ofp cooperativity.19 ~3! For this configuration the
force-field calculation reaches the lowest total energy, an
is the only model which satisfies the termination criterio
~4! The kinematic simulation of the LEED pattern yields
qualitative correspondence with the observed intensities w
this model only, and it diverges significantly for the oth
proposed structures.~5! The observed STM contrast can b
explained in terms of geometrical effects. The maximu
height difference between atoms in the molecule is 1.3 Å
variation which would change the tunneling current by ab
one order in magnitude. The eight bright spots in the ST
image can be attributed to the geometrically most protrud
sites of the tilted molecules.

IV. CONCLUSIONS

Using the complementary techniques STM and LEE
monolayer adenine adsorbates on graphite were analy
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These different methods yielded congruent results regard
the form and orientation of the molecular superlattice. A d
tailed crystallographic structure is proposed based on
lecular resolution STM images and LEED measureme
which convey information about orthogonal glide symm
tries. Symmetrical constraints can be satisfied by hydrog
bonded adenine dimers as basic elements. Out of three c
peting structure models the correct arrangement of
molecular crystal could be determined by a force-field cal
lation. The calculation yields a small tilt of the molecule
and preserves the symmetry constraints. The molec
structure is commensurate with the graphite substrate,
forms a hydrogen-bonded network with four bonds per m
ecule. The contrast in the STM image can be interpreted
dominated by geometrical height variations of the tilted m
ecules.

ACKNOWLEDGMENTS

The authors would like to thank Professor Dr. W. Mori
for helpful discussions of the LEED results and Dr.
Thomlinson from Molecular Simulations Inc. for the chan
to test theCERIUS software in our molecular-mechanic
simulations. Financial support through Deutsche Fo
chungsgemeinschaft~He 1617/6-1! and Bayerisches Hochs
chulsonderprogramm II is gratefully acknowledged.
stic
cta

len

f-
1Procedures in Scanning Probe Microscopies, edited by R. Col-
ton, A. Engel, J. Frommer, H. Gaub, A. Gewirth, R. Gucke
berger, W. M. Heckl, B. Parkinson, and J. Rabe~Wiley, Chich-
ester, 1997!.

2J. Frommer, Angew. Chem. Int. Engl.31, 1298~1992!.
3C. Ludwig, R. Strohmaier, J. Petersen, B. Gompf, and W. Eis
menger, J. Vac. Sci. Technol. B12, 1963~1994!.

4J. P. Rabe and S. Buchholz, Science253, 424 ~1991!.
5C. Ludwig, B. Gompf, W. Glatz, J. Petersen, M. Mo¨bus, U. Zim-
mermann, and N. Karl, Z. Phys. B86, 397 ~1992!.

6S. R. Forrest, P. E. Burrows, E. I. Haskal, and F. F. So, Ph
Rev. B49, 11 309~1994!.

7C. Seidel, Ph.D. thesis, Stuttgart, 1993.
8A. Soukopp, C. Seidel, R. Lee, M. Ba¨ssler, M. Sokolowski, and
E. Umbach, Thin Solid Films~to be published!.

9M. J. Allen, M. Balooch, S. Subbiah, R. J. Tench, W. Siekha
and R. Balhorn, Scanning Microsc.5, 625 ~1991!.

10W. M. Heckl, D. P. E. Smith, G. Binnig, H. Klagges, T. W
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